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I. INTRODUCTION
It is well known that, according to the Hawking–Unruh effect [1, 2], an observer accelerated uniformly in the QCD
vacuum behaves as if he were in a thermal bath at the Unruh temperature TU = a/2π (a is an acceleration constant).
For interacting field theories this is demonstrated by the fact that Euclidean Green’s functions written in terms of the
Rindler coordinates are periodic in time, and therefore they may be interpreted as thermal. Several problems have
been studied in relation to the Hawking-Unruh effect: see, for instance, [3] concerning the discussion of a uniformly
accelerated oscillator, or [4] with the study of pair creation by a homogeneous electric field from the point of view of
an accelerated observer. At the same time, in a recent paper [5], it was argued that the phase transition from a color
glass condensate to a quark gluon plasma through the mechanism of the Hawking-Unruh thermalization can become
experimentally observable in relativistic heavy ion collisions.
It was proposed more than twenty years ago [6, 7, 8] that at high baryon densities a colored diquark condensate
< qq > might appear. In analogy with the ordinary superconductivity, this effect was called color superconductivity
(CSC). In particular, the CSC phenomenon was investigated in the framework of the one-gluon exchange approxi-
mation in QCD [9], where the colored Cooper pair formation is predicted selfconsistently at extremely high values
of the chemical potential µ & 108 MeV [10]. Unfortunately, such baryon densities are not observable in nature and
not accessible in experiments (the typical densities inside the neutron stars or in the future heavy ion experiments
correspond to µ ∼ 500 MeV). In order to study the problem at lower values of µ, various effective theories for low
energy QCD, such as the instanton model [11] and the Nambu−Jona-Lasinio (NJL) model[12] can be employed.
It is well known that effective field theories with four-fermion interaction (the so-called Nambu – Jona-Lasinio (NJL)
models), which incorporate the phenomenon of dynamical chiral symmetry breaking, are quite useful in describing low-
energy hadronic processes (see e.g. [13, 14] and references therein). Since the NJL model displays the same symmetries
as QCD, it can be successfully used for simulating some of the QCD ground state properties under the influence of
external conditions such as temperature, baryonic chemical potential, or even curved spacetime [14, 15, 16, 17, 18]. In
particular, the role of the NJL approach increases, when detailed numerical lattice calculations are not yet admissible
in QCD with nonzero baryon density and in the presence of external gauge fields [19, 20, 21].
The possibility for the existency of the CSC phase in the region of moderate densities was recently proved (see,
e.g., the papers [11, 17, 22, 23] as well as the review articles [24] and references therein). In these papers it was
shown that the diquark condensate < qq > can appear already at a rather moderate baryon density (µ ∼ 400 MeV).
The conditions favorable for this condensate to be formed can possibly exist in the cores of cold neutron stars. Since
quark Cooper pairing occurs in the color anti-triplet channel, a nonzero value of < qq > means that, apart from the
electromagnetic U(1) symmetry, the color SUc(3) symmetry should be spontaneously broken inside the CSC phase
as well. In the framework of NJL models the CSC phase formation has generally been considered as a dynamical
competition between diquark < qq > and usual quark-antiquark condensation < q¯q >.
Recently, the dynamical chiral symmetry breaking and its restoration for a uniformly accelerated observer due to
the thermalization effect of acceleration was studied in [25] at zero chemical potential. Further investigations of the
possible influence of the Unruh temperature on the phase transitions in dense quark matter with a finite chemical
potential, and especially on the restoration of the broken color symmetry in CSC is thus especially interesting. Related
problems have also been studied for chiral symmetry breaking in curved spacetime [16, 26], which may be useful for
the investigation of compact stars, where the gravitational field is strong and its effect cannot be neglected. Obviously,
the results of these studies might have some relevance to the physics of black holes, whose surface gravity causes the
finite temperature effects (the Hawking effect). The Rindler metric may be regarded here as an approximation of the
2situation near the event horizon of a black hole. Thus, the study of phase transitions in quark matter with quark and
diquark condensates under the influence of acceleration or, equivalently, strong gravitational fields is of great interest.
In this paper, we study quark and diquark condensates as functions of the Unruh temperature and finite chemical
potential by using a NJL-type model formulated in Rindler coordinates. As our main result, from the gap equations
for these condensates written in Rindler coordinates, the critical values of acceleration (the critical Hawking-Unruh
temperatures) for the restoration of the broken chiral and color symmetries were obtained. The results exactly coincide
with the usual temperature restoration of these symmetries, when the corresponding relation between the acceleration
and the Unruh temperature is taken into account.
II. NAMBU–JONA-LASINIO MODEL IN RINDLER COORDINATES
The required effective NJL field theory in Rindler coordinates will be obtained by a suitable transformation of a
NJL-type model in flat spacetime with Minkowski coordinates (x0, x1, ~x⊥). For this aim, let us first quote some useful
definitions and formulas. The physics for an accelerated observer can be described by transforming to the Rindler
coordinates (η, ρ, ~x⊥) by means of the following coordinate transformation:
x0 = ρ sinh aη, x1 = ρ coshaη, xi = xi (i = 2, 3),
defined on the right Rindler wedge,
0 < ρ < +∞, −∞ < η < +∞,
and on the left Rindler wedge,
−∞ < ρ < 0, −∞ < η < +∞,
where η is the time variable in Rindler coordinates.
The gamma-matrices γµ, the metric gµν and the vierbein e
µ
aˆ , as well as the definitions of the covariant derivative
∇ν and spin connection ωaˆbˆν are given by the following relations [27]:
{γµ(x), γν(x)} = 2gµν(x), {γaˆ, γbˆ} = 2ηaˆbˆ, ηaˆbˆ = diag(1,−1,−1,−1),
gµνg
νρ = δρµ, g
µν(x) = eµaˆ(x)e
νaˆ(x), γµ(x) = e
aˆ
µ(x)γaˆ. (1)
∇ν ≡ ∂ν + 1
2
σaˆbˆω
aˆbˆ
ν , σaˆbˆ ≡
1
4
[γaˆ, γbˆ],
ωaˆbˆµ ≡
1
2
eaˆλebˆρ[Cλρµ − Cρλµ − Cµλρ], Cλρµ ≡ eaˆλ∂[ρeµ]aˆ (2)
Here, the index aˆ refers to the flat tangent space defined by the vierbein at spacetime point x, and the γaˆ(a = 0, 1, 2, 3)
are the usual Dirac gamma-matrices of Minkowski spacetime.
The line element
ds2 = ηaˆbˆe
aˆ
µe
bˆ
νdx
µdxν
in these coordinates with the vierbeins
e0ˆ0 = aρ, e
1ˆ
1 = . . . = 1
is given by the relation
ds2 = a2ρ2dη2 − dρ2 − d~x2⊥
with the metric tensor
gµν = (a
2ρ2,−1,−1,−1). (3)
In what follows, we shall limit our consideration to the right Rindler wedge. An observer at fixed ρ, ~x⊥ measures a
proper time dτ = aρdη and has a proper acceleration 1/ρ. The observer at ρ = 1/a measures dτ = dη and has a
proper acceleration a. The world line of the observer in Rindler coordinates is thus given as
η(τ) = τ, ρ(τ) = 1/a, ~x⊥(τ) = const. (4)
3For an accelerated observer moving with constant acceleration according to (4), the gamma matrices in Rindler
coordinates are obtained by the definition given in (1)
γ0 = a
2ρ2γ0 = aργ0ˆ, γµ = gµνγ
ν , (5)
and hence
γ0(x) =
1
aρ
γ 0ˆ, γ1(x) = γ 1ˆ, γ2(x) = γ 2ˆ, γ3(x) = γ 3ˆ. (6)
Using the definition given in (2) for computing the spin connection, one finds the components of the covariant
derivatives in Rindler coordinates:
∇0 = ∂η + a
2
γ0ˆγ1ˆ, ∇1 = ∂ρ, ∇2 = ∂2, ∇3 = ∂3. (7)
After these intoductions, let us consider the following four-quark model of up- and down-quarks with (q¯q) and
(qq) interactions in the color group SUc(Nc) given by the generalization of the corresponding Lagrangian for the
Nambu–Jona-Lasinio model in flat space [21, 23], [32]
L = q¯(x)[iγν(x)∇ν + µγ0(x)]q + G1
2Nc
[(q¯(x)q(x))2 + (q¯(x)iγ5~τq(x))2] +
+
G2
Nc
∑
b
[iq¯(x)cε(iλ
b
as)γ
5q(x)][iq¯(x)ε(iλbas)γ
5qc(x)]. (8)
In (8) µ is the quark chemical potential, qc = Cq¯
t, q¯c = q
tC are charge-conjugated spinors, and C = iγ2γ0 is the charge
conjugation matrix (t denotes the transposition operation). It is necessary to note that in order to obtain realistic
estimates for masses of vector/axial-vector mesons and diquarks in extended NJL–type of models [13, 29], we have to
allow for independent coupling constants G1, G2, rather than to consider them related by a Fierz transformation of
a current-current interaction via gluon exchange. In what follows we assume Nc = 3 and replace the antisymmetric
color matrices λbas (with a factor i) by the antisymmetric ǫ
b operator. The quark field q ≡ qiα is a flavor doublet
and color triplet as well as a four-component Dirac spinor, where i = 1, 2; α = 1, 2, 3. (Latin and Greek indices
refer to flavor and color indices, respectively; spinor indices are omitted.) Furthermore, ~τ ≡ (τ1, τ2, τ3) are Pauli
matrices in the flavor space; (ε)ik ≡ εik, (ǫb)αβ ≡ ǫαβb are totally antisymmetric tensors in the flavor and color spaces,
respectively. Clearly, the Lagrangian (8) is invariant under the chiral SU(2)L × SU(2)R and color SUc(3) groups.
Next, by applying the usual bosonization procedure, we obtain the linearized version of the model (8) with collective
bosonic fields
L˜ = q¯[iγν∇ν + µγ0]q − q¯(σ + iγ5~τ~π)q − 3
2G1
(σ2 + ~π2)−
− 3
G2
∆∗b∆b −∆∗b[iqtCεǫbγ5q]−∆b[iq¯εǫbγ5Cq¯t]. (9)
The Lagrangians (8) and (9) are equivalent, as can be seen by using the equations of motion for bosonic fields, from
which it follows that
∆b ∼ iqtCεǫbγ5q, σ ∼ q¯q, ~π ∼ iq¯γ5~τq. (10)
Clearly, the σ and ~π fields are color singlets. Besides, the (bosonic) diquark field ∆b is a color antitriplet and a
(isoscalar) singlet under the chiral SU(2)L × SU(2)R group. Note further that the σ, ∆b, are scalars, but the ~π are
pseudo-scalar fields. Hence, if σ 6= 0, then chiral symmetry of the model is spontaneously broken, whereas ∆b 6= 0
indicates the dynamical breaking of both the color and electromagnetic symmetries of the theory. In what follows,
for our purpose of investigating the ground state of the system, we may suppose that all boson fields do not depend
on space-time.
In the one-loop approximation, the partition function can be written as follows:
Z = exp(iSeff(σ, ~π,∆
b,∆∗b)),
where
Seff(σ, ~π,∆
b,∆∗b) = −Nc
∫
d4x
√−g
[
σ2 + ~π2
2G1
+
∆b∆∗b
G2
]
+ Sq (11)
4is the effective action for the boson fields. The quark contribution to the effective action, Sq, is expressed through
the path integral over quark fields
Zq = exp(iSq) = N
′
∫
dq¯dq exp
(
i
∫
d4x
√−g [q¯Dq + q¯Mq¯t + qtM¯q]). (12)
where N ′ is a normalization constant.
In (12) we have used the following notations
D = iγµ∇µ − σ − iγ5~π~τ + µγ0, M¯ = −i∆∗bCεǫbγ5, M = −i∆bεǫbγ5C, (13)
where D is an operator in the coordinate, spinor and flavor spaces, whereasM and M¯ are operators in the color space
as well. Next, assume that in the ground state of our model 〈∆1〉 = 〈∆2〉 = 〈~π〉 = 0 and 〈σ〉, 〈∆3〉 6= 0 [33]. Obviously,
the residual color symmetry group of such a vacuum is SUc(2) whose generators are the first three generators of the
initial SUc(3).
Due to our assumption on the vacuum structure, we put ∆1,2 → 〈∆1,2〉 ≡ 0, ~π → 〈~π〉 = 0, 〈∆3〉 ≡ ∆, 〈σ〉 ≡ σ.
One can easily see that the functional integral in (12) can be factorized
Zq = exp(iSq) = N
′
∫
dq¯3dq3 exp
(
i
∫
d4x
√−gq¯3D˜q3
)
×
∫
dQ¯dQ exp
(
i
∫
d4x
√−g
[
Q¯D˜Q+ Q¯MQ¯t +QtM¯Q
])
, (14)
where q3 is the quark field of color 3, and Q ≡ (q1, q2)t is the doublet, composed from quark fields of the colors 1,2.
Moreover,
D˜ = D|~π=0, M¯ = −i∆∗Cεǫ˜γ5, M = −i∆εǫ˜γ5C. (15)
In (15), ǫ˜ is the matrix in the two-dimensional color subspace, corresponding to the SUc(2) group:
ǫ˜ =
(
0 1
−1 0
)
.
Clearly, the integration over q3 in (14) yields Det D˜.
Defining Ψt = (Qt, Q¯) and introducing the matrix-valued operator
Z =
(
2M¯ , −D˜t
D˜ , 2M
)
,
the Gaussian integral over Q¯ and Q in (14) can be rewritten in compact matrix notation and be evaluated as
∫
dΨe
i
2
∫
d4x
√−gΨtZΨ
=
√
DetZ. (16)
Then, by using in (16) the general formula
Det
(
U , V
V¯ , U¯
)
= Det
[−V¯ V + V¯ UV¯ −1U¯] = Det [U¯U − U¯V U¯−1V¯ ] ,
one obtains the result:
exp(iSq) = N
′Det D˜ Det1/2[4MM¯ +MD˜tM−1D˜]
= N ′Det(iγν∇ν − σ + µγ0)Det1/2
[
4|∆|2 + (−iγν∇ν − σ + µγ0)(iγµ∇µ − σ + µγ0)
]
. (17)
Recall that the first Det-operation in (17) acts only in the flavor, coordinate and spinor spaces, whereas the second
Det-operation acts in the two-dimensional color subspace, as well. The quark contribution to the effective action
Sq = −i Tr log(iγν∇ν − σ + µγ0)− i
2
Tr log
[
4|∆|2 + (−iγν∇ν − σ + µγ0)(iγµ∇µ − σ + µγ0)
]
5can be written in the form
Sq = Sq1 + Sq2 = − i
2
[
tr logB21 + 2 tr logB
2
2
]
, (18)
where we have summed over colors (leading to the factor 2 in the second term; the tr−operation does not include
color indices any more) and
B21 = (−iγν∇ν − σ − µγ0)(iγµ∇µ − σ + µγ0),
B22 = 4|∆|2 + (−iγν∇ν − σ + µγ0)(iγµ∇µ − σ + µγ0). (19)
Here the product of the relevant operators appearing in (19) can be represented in Rindler coordinates as
B2 ≡ (−iγν∇ν − σ)(iγµ∇µ − σ) = 1
ρ2
[
1
a
∂η +
1
2
γ0ˆγ1ˆ
]2
−
[
∂2
∂ρ2
+
1
ρ
∂
∂ρ
− (~γ~∇)2⊥ − σ2
]
. (20)
For the following, it is convenient to represent the operators B21 , B
2
2 in the basis of the solutions of the squared Dirac
equation
B2Ψ~k⊥,j(η, ~x⊥, ρ) = 0. (21)
The solutions can be sought in the form
Ψ~k⊥,j(η, ~x⊥, ρ) = e
−iajη ei
~k⊥~x⊥ ψj(ρ), (22)
and hence, with consideration of (20), the function ψj(ρ) is the solution of the second order Bessel differential equation
forming the basis of the Rindler modes (see, e.g., [1])(
ρ2
d2
dρ2
+ ρ
d
dρ
−m2ρ2 + E2j
)
ψj(ρ) = 0, (23)
where for the Rindler modes in the fermion sector, we have to take
m2 = ~k2⊥ + σ
2, E2j = (j ±
i
2
)2, 0 < j < +∞. (24)
Two independent solutions of equations (21), (23) can be obtained by using the projection operator P± =
1
2 (1±γ0ˆγ1ˆ) :
ψ
(+)
j = P+ψj , ψ
(−)
j = P−ψj .
Then the normalized solutions of (23) look as follows:
ψ
(−)
j (ρ) =
√
(−2ij − 1) coshπj
π
Kij+ 1
2
(mρ), ψ
(+)
j (ρ) =
√
(+2ij − 1) coshπj
π
Kij− 1
2
(mρ),
(25)
where Kν is the Macdonald function (modified Bessel function).
These solutions < ρ|~k⊥, j,± >= ψ(±)~k⊥,j(ρ), for which we shall use the shorthand notation ψ
(±)
j (ρ) ≡ ψ(±)~k⊥,j(ρ), form
a complete set of functions with the orthonormalization condition [28]∫ ∞
0
dρ
ρ
ψ
(∓)
j (ρ)ψ
(∓)
j′ (ρ) =
1
π2
∫ ∞
0
dρ
ρ
√
(∓2ij − 1) coshπj(∓2ij′ − 1) coshπj′Kij± 1
2
(mρ)Kij′± 1
2
(mρ) = δ(j − j′).(26)
Taking the above formulas and the product of operators (20) into account, we obtain
B22 = 4|∆|2 +
1
ρ2
[
1
a
∂η +
1
2
γ0ˆγ1ˆ
]2
−
[
∂2
∂ρ2
+
1
ρ
∂
∂ρ
− (~γ ~∇)2⊥ − σ2
]
+
(µ
a
)2 1
ρ2
− 2 µ
aρ
[γ0ˆσ − iγ0ˆ(~γ~∇)]. (27)
6For our further calculations, we also have to transform, in the same way, the product of operators in B21 :
B21 =
1
ρ2
[
1
a
∂η +
1
2
γ0ˆγ1ˆ − i
µ
a
]2
−
[
∂2
∂ρ2
+
1
ρ
∂
∂ρ
− (~γ~∇)2⊥ − σ2
]
. (28)
In order to find nonvanishing condensates 〈σ〉 and 〈∆3〉, we should calculate the effective potential, whose global
minimum point provides us with these quantities. By definition of the effective potential we have
Veff = − Seff∫
dDx
√−g . (29)
In this case, according to (29) we obtain
Veff =
3σ2
2G1
+
3∆b∆∗b
G2
− Sq∫
d4x
√−g . (30)
The gap equations correspond to the stationarity condition:
∂Veff
∂∆3∗0
= 0,
∂Veff
∂σ
= 0. (31)
The gap equations (31) are obtained by differentiating the logarithm in (18) with respect to ∆3∗and σ. Moreover, by
taking into account that the position of the accelerated observer is defined in (4), we can put ρ = 1/a.
III. CHIRAL SYMMETRY BREAKING
First, let us consider a simpler problem, chiral symmetry breaking, already discussed in [25] for the case of a
vanishing chemical potential, and described qualitatively in the Introduction. In this Section, unlike in [25], a nonzero
chemical potential µ will be taken into account.
Let us first assume that ∆ = 0 and µ = 0. Then according to (18), (20),
Sq = −3
2
i tr logB2
and the gap equation looks like
σ = − iG1σ∫
d4x
√−g tr
1
B2
.
Now we go over to the momentum representation by replacing
i
∂
∂η
→ k0, −i~∇⊥ → ~k⊥,
and obtain
σ = −iG1σNf
∫
dk0
2π
∫
d2k⊥
(2π)2
∫ ∞
0
dρ
ρ
< ~k⊥, k0, ρ| 1
B2
|~k⊥, k0, ρ > |ρ=a−1 ,
where Nf = 2 is the number of flavors in our problem. With the use of the completeness relation (25) of the Rindler
basis < ρ|~k⊥, j,± >= ψ(±)~k⊥,j(ρ), let us go over to this basis in the variable ρ, so that
ρ2
d2
dρ2
+ ρ
d
dρ
−m2ρ2 → −(j ± i
2
)2.
Next, we are going to an imaginary time coordinate, i.e., to the Euclidean spacetime in order to consider the thermal
effect of acceleration [2, 30]. The Euclidean Rindler spacetime has a singularity at ρ = 0, therefore we have to choose
the period of the imaginary time as 2π/a [27]. The Euclidean formalism in Rindler coordinates with a definite period
7β = 2π/a of imaginary time coincides with the finite-temperature imaginary time Matsubara formalism, which is
realized by the following substitutions in our equations [31]:∫
dk0
2π
→
∑
n
1
β
, k0 → iωn, (32)
where ωn is the discrete fermion frequency defined by ωn = (2n+ 1)π/β (n = 0,±1,±2, · · ·).
After this, we finally obtain
σ = −G1σNf
∑
n
1
2π
∫
d2k⊥
(2π)2
∑
±
∫ ∞
0
dj
[
1
π
√
(∓2ij − 1) coshπjKij± 1
2
(ma−1)
]2
( iωna − j ± i)( iωna + j)
. (33)
Now, consider the case of a nonzero chemical potential µ. Take into consideration that under the operation of
charge conjugation performed in the above B21,2 operators one obtains µ→ −µ. Hence we should take both signs, ±µ,
into consideration (this is equivalent to considering also for another branch of the solution of the Rindler equation
with j → −j). Therefore
Sq1 = − i
2
tr logB21 → −
i
2
tr logB21+B
2
1−
where
B21ζ =
1
ρ2
[
1
a
∂η +
1
2
γ0ˆγ1ˆ − iζ
µ
a
]2
−
[
∂2
∂ρ2
+
1
ρ
∂
∂ρ
− (~γ~∇)2⊥ − σ2
]
with ζ = ±1. (34)
Then, taking the Rindler basis (22), (25) into consideration, in the Euclidean spacetime with Matsubara frequencies
the above operator takes the form
B21ζ =
1
ρ2
[
ωn
a
± 1
2
− iζ µ
a
]2
+
1
ρ2
[
j ∓ i
2
]2
. (35)
We can write the identity
B21+B
2
1− =
(
1
ρ2
[
j ∓ i
2
]2
+
1
ρ2
[
ωn
a
± 1
2
− iµ
a
]2)
·
(
1
ρ2
[
j ∓ i
2
]2
+
1
ρ2
[
ωn
a
± 1
2
+ i
µ
a
]2)
=
(
1
ρ2
[
j ∓ i
2
+
µ
a
]2
+
1
ρ2
[
ωn
a
± 1
2
]2)
·
(
1
ρ2
[
j ∓ i
2
− µ
a
]2
+
1
ρ2
[
ωn
a
± 1
2
]2)
. (36)
From the Bessel equation (23) we have
< ~k⊥, j,±| − 2σdσρ2 + 2Ejdj|~k⊥, j,± >= 0,
and hence in the case of finite µ we obtain instead of (33)
σ = −G1σNf
∑
ζ
∑
n
1
2π
∫
d2k⊥
(2π)2
∑
±
∫ ∞
0
dj
j ∓ i2 − ζ µa
j ∓ i2
·
[
1
π
√
(∓2ij − 1) coshπjKij± 1
2
(ma−1)
]2
( iωna − (j − ζ µa )± i)( iωna + j − ζ µa )
. (37)
Now by summing over Matsubara frequencies ωn = a(n+
1
2 ) with the help of the formula∑
n
1
( iωna − (j − ζ µa )± i)( iωna + j − ζ µa )
= ∓ 2πi
1± 2i(j − ζ µa )
tanhπ(j − ζ µ
a
), (38)
the final result is obtained
σ = −iG1σNf
∑
ζ
∑
±
∫
d2k⊥
(2π)2
∫ ∞
0
dj coshπj
tanhπ(j − ζ µa )
π2
(Kij± 1
2
(ma−1))2. (39)
8For illustrations, let us estimate the critical acceleration ac, when the quark condensate vanishes. To this end, we
put σ = 0 (m→ k⊥) and integrate over ~k⊥ with the help of the integral∫ ∞
0
kdkKn(ka
−1)2 =
1
2
a2
nπ
sinnπ
(40)
The final result looks as follows:
1 =
G1
2π2
Nf
∑
ζ
∫ ∞
0
dqq tanh(π
q − ζµ
a
). (41)
The above equation precisely corresponds to the known expression for the critical curve, obtained for finite temperature
and chemical potential (see, e.g. [17]), if the correspondence between the acceleration a and Unruh temperature T is
taken into consideration,
π
a
=
1
2T
.
Now, recall that the Unruh temperature is given by the relation
T =
a
2.5× 1022(cm s−2)K.
Let us take the value of the maximum critical temperature on the transition curve for the quark condensate formation
Tm = 0.169GeV, calculated in [17]. Then, we find for the critical acceleration the following estimate ac = 2πT =
2π × 0.169 GeV = 3.2× 1035 cm/s2. This value is an order of magnitude larger than the value found for the case of
a vanishing chemical potential in [25].
IV. COLOR SYMMETRY BREAKING AND FORMATION OF A DIQUARK CONDENSATE
In order to study the minimum in the variable ∆ of the diquark condensate, we may here put σ = 0. Now, we have
Sq2 = −i tr logB22 = −i tr log[4|∆|2 + (−iγν∇ν + µγ0)(iγµ∇µ + µγ0)]. (42)
Then after taking into account charge conjugation
Sq2 → −i tr logB22+B22−,
where
B22ζ = 4|∆|2 + (−iγν∇ν + ζµγ0)(iγµ∇µ + ζµγ0)
The corresponding gap equation now takes the form
3∆
G2
=
1∫
d4x
√−g
∂Sq2
∂∆
.
Let us again estimate the value of the critical Unruh temperature and acceleration, at which the broken color symmetry
is restored. For this purpose, we now put ∆ = 0. Then the operators in the above equation can be expanded in the
Rindler basis (25), and after going over to the Euclidean spacetime and Matsubara frequencies the gap equation can
again be written in the form
1 =
4
3
G2Nf
∑
n
∑
ζ
1
2π
∫
d2k⊥
(2π)2
∫ ∞
0
dj
×
{ (−2ij − 1) coshπj
π2
(Kij+ 1
2
(ma−1))2
1
((iωn + ζµ)/a− j + i)((iωn − ζµ)/a+ j)
+
(2ij − 1) coshπj
π2
(Kij− 1
2
(ma−1))2
1
((iωn + ζµ)/a− j − i)((iωn − µ)/a+ j)
}
(43)
9where now m2 = ~k2⊥.
Next, we have to sum over the Matsubara frequencies in the above equation with the help of the formula (38). As
a result, we obtain
1 = −4
3
G2
2π
Nf
∫
d2k⊥
(2π)2
∫ ∞
0
dj
∑
ζ
2iπ tanhπ(j − ζ µ
a
)
×
{ (2ij + 1) coshπj
π2
(Kij+ 1
2
(ma−1))2
1
1 + 2i(j − ζµ/a)
+
(2ij − 1) coshπj
π2
(Kij− 1
2
(ma−1))2
1
1− 2i(j − ζµ/a)
}
. (44)
Now, the integration over k can be performed with the use of the integral (40). Then we have
1 = −i 2
3(2π)2
G2a
2Nf
∑
ζ
∫ ∞
0
dj tanhπ(j − ζµ/a)
[
(1 + 2ij)2
1 + 2i(j − ζµ/a) −
(1− 2ij)2
1− 2i(j − ζµ/a)
]
.
Changing the integration variable as j → q = aj, and taking into consideration that in the physical region
q/a≫ 1, (q − µ)/a≫ 1, the above integral can be approximated by
1 =
2
3
G2
π2
Nf
[∫ Λ
0
dqq2
tanh π(q+µ)a
q + µ
+
∫ Λ
µ
dqq2
tanh π(q−µ)a
q − µ +
∫ µ
0
dqq2
tanh π(µ−q)a
µ− q
]
,
where the upper limit in the integral was replaced by the cutoff Λ for the physical regularization. If the correspondence
π
a =
1
2T between the acceleration a and temperature T is taken into consideration, this result exactly corresponds to
the well known formula for the critical curve in the usual CSC theory at finite temperature [11, 17]. Let us again give
a rough estimate of the order of the critical acceleration using the numerical results of [17]. By taking their value of
the critical temperature on the transition curve for color superconductivity Tc = 40MeV, and the chemical potential
µ = 0.4 GeV, we find for the critical acceleration the following estimate ac = 2πTc = 2π × 0.04 GeV = 7.5 × 1034
cm/s2, which differs from the critical acceleration for restoration of chiral symmetry by a factor 4.
V. SUMMARY AND CONCLUSIONS
We have investigated the role of the thermalization effect by the acceleration of an observer for the restoration of
chiral and color symmetries in quark matter at finite density in the framework of the NJL model. For this aim, the
effective potential and the gap equations both for the chiral and diquark condensates have been analytically derived,
and on this basis the values of the critical acceleration, where the chiral or color symmetry is restored, have been
determined. Obviously, the acceleration plays here the role of the temperature, as if the system is placed into a
thermostat. In particular, we have demonstrated that the results obtained with finite acceleration at the critical
points are quite similar to those with the ordinary thermal situation, describing phase transitions with restoration of
chiral or color symmetry at finite temperature and chemical potential.
The dependence of chiral and color properties of the quark matter on the acceleration of the observer may be useful
in the physics of black holes, where the Rindler metric can be considered as an approximation for the description of
the surface gravitational fields[34]. Moreover, the investigation of the influence of strong gravitational fields, such as
in compact stars, on the diquark condensation and thus on the possible existence of color superconductivity in the
core of the compact stars, is also of great importance. Further investigations in this direction are under way, and
their results will appear in subsequent publications.
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